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Staple fibre yarns vary quite markedly in linear density (tex) along their length and the degree to which twist redistributes
from thick to thin places will affect the strength, torque and extension behaviour of the yarn. Theory suggests that twist along
worsted yarns should vary as 1/(tex)2 if fibres were locked in the structure, whereas the mean torque of worsted yarns reported
in the literature implies that twist should be proportional to 1/tex. This article examines twist distribution in ring-spun marl
yarns, down to 5 mm resolution, as a function of linear density measured using a high-resolution capacitive sensor. It is found
for moderate twist-level worsted yarns that twist is approximately proportional to 1/(tex)1.6. The results and theory provide a
guide as to the effect the observed large variations in linear density will have on yarn properties such as tenacity and torque.
Keywords: twist distribution; tenacity; torque; worsted yarn; linear density
Introduction
All staple fibre yarns have large variations in the number
of fibres in the cross-section along their length because in
conventional ring and rotor spinning there is no mechanism
that lays down a new fibre when another ends. Hence, the
linear density fluctuates considerably. For the finest ring-
spun yarns of average 35 to 40 fibres in the yarn cross-
section, a thin place of less than 50% of the mean thickness
will be encountered about once per metre (Lamb, 1987b)
and the measured strength of a yarn will be significantly
influenced by the yarn unevenness.
It is generally accepted that within a yarn any thin places
will be twisted more than neighbouring thick places. In
mule spinning it is claimed that twist preferentially flows
into thin places inhibiting them from drafting while allow-
ing thick places of low twist to be easily drafted, resulting
in a more even yarn. However, there do not seem to be any
experimental results that quantify the extent of twist redis-
tribution in a forming yarn as a function of linear density.
For low and moderate twist-level yarns, the yarn tenac-
ity increases as the twist level increases. If there was no
twist flow then any thin places would be weaker than ex-
pected from just the drop in linear density. Knowledge of
twist distribution is therefore important for an understand-
ing of how yarn strength and torque are affected by yarn
irregularity.
There is some disagreement in the literature over the ex-
pected variation in twist with linear density. For example,
Lu, Gao, and Wang (2007) present a theoretical analysis
of slub yarns and conclude that twist should be propor-
tional to 1/(tex)2 while Johnson and Young (1986) suggest,
∗Corresponding author. Email: peter.lamb@deakin.edu.au
without theory, that redistribution should follow the twist
factor, i.e. twist should be proportional to 1/
√
tex, although
they observed a larger dependence. Prior to this study there
does not seem to have been any systematic investigation
of the relationship between twist variation and linear den-
sity. This is presumably because of the difficulty of uni-
formly tensioning, cutting and weighing multiple short yarn
sections and of determining the twist of these short sections.
These problems are overcome in this study by using a high-
resolution capacitive sensor in which the absolute amount
of material between the sensing plates can be detected while
slowly moving the sensor along a tensioned yarn. Typical
capacitive-based commercial yarn sensors overcome long-
term drift by detecting changes in the mean signal, and
the signal from a stationary yarn will quickly drop to zero.
This sensor was specially designed to have a low drift and
the small amount still present can be removed by periodi-
cally withdrawing the sensor from the yarn. The problem
of determining twist is overcome by using marl yarns pro-
duced by laying black and white rovings side-by-side, but
not spaced apart, during ring spinning.
Theory
The core assumption in developing a theoretical expecta-
tion of how twist should distribute along a yarn is that there
is scope for torque to be balanced between yarn sections of
different linear density. Thus, it is assumed that during spin-
ning there is a length of yarn, longer than most variations in
linear density, over which the tension is approximately con-
stant and where different parts of the yarn can rotate freely
so that the twist redistributes until the torque is balanced.
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There have been a number of studies of the develop-
ment of torque in yarns. Platt, Klein, and Hamburger (1958)
looked at the torque due to fibre torsion and fibre bending
and deduced that the total yarn torque due to the torsion of
all the fibres (MT T ), i.e. the sum of the torques arising from
the twisting of individual fibres, was
MT T = n(KG)(sin θ cos θ )/R, (1)
where
n = no. of fibres in yarn cross-section ∝ tex,
θ = yarn surface helix angle,
KG = torsional rigidity of a single fibre,
R = radius of yarn.
Given that tan θ = 2πRT (where T = twist), then
MT T ∝ T (tex) cos2 θ (2)
and for small θ ,
MT T ∝ T (tex). (3)
Platt et al. (1958) also deduced that the yarn torque due
to fibre bending (MBT ), i.e. the sum of torques arising from
fibres being wrapped in a helical configuration, was
MBT ≈ n(Ef If )θ3/2R (4)
for moderate values of θ , where Ef If is the product of the
fibre bending modulus (Ef ) and fibre moment of inertia
(If ).
It is thus found that
MBT ∝ T (tex)θ3/ tan θ. (5)
Postle, Burton, and Chaikin (1964) showed that there
were three components of the torque in a yarn, the two
above (MT T and MBT ) and a third, that from tensile stress
due to the increased path length. It was claimed that the
torque due to tension (MT ) dominated, the torque due to the
twist of individual fibres was small and the torque due to
fibre bending was negligible (for yarns of moderate twist).
The theory gave
MT ∝ R3 tan θ. (6)
Hence, MT ∝ T (tex)2, since tan θ = 2πRT and tex∝ R2, and if neighbouring segments of yarn are in torque
balance then it follows that twist (T ) should distribute as
1/(tex)2, if the torque due to tension dominates and Equation
(6) holds.
However, Bennett and Postle (1979a, 1979b) went on
to show, for staple fibre yarns, that if the load was shared
equally amongst all fibres, which they termed ‘ideal fibre
migration’, then the torque due to tension would be greatly
reduced and that
MT = PR
(
sec3 θ − 3 sec θ + 2
3 tan θ (sec θ − 1)
)
, (7)
where P is the applied tension and a factor of 2 has been
removed following Mitchell, Naylor, and Phillips (2006),
who also showed that the trigonometric expression approx-
imates to 0.482 tan θ for θ < 45◦. In fact (in the limit that
θ → 0), Equation (7) reduces to
MT ∝ PR(tan θ )/2 (8)
given tan θ = 2πRT and tex ∝ R2, we find
MT ∝ PT (tex). (9)
Mitchell et al. (2006) went on to distinguish two com-
ponents of the torque (a) that due to applied tension and (b)
the intrinsic torque that exists in the untensioned yarn. They
found experimentally, by measuring the torque in weighted
hanks of yarn, that the torque due to the applied tension
increased linearly with tension and did not depend on the
yarn history but only on yarn geometric factors, primarily
the yarn twist and linear density, in excellent agreement
with Equation (9).
If neighbouring yarn segments of different tex are to
be torque balanced when a large tension is applied, then
Equation (9) implies that T (tex) should be the same for
all segments, in other words, the twist should redistribute
as 1/tex. Thus, if the assumption that all fibres share the
tension equally is correct, then this theory combined with
experiments on yarn torque in staple fibre yarns can be used
to deduce that the balance of torque arising both from yarn
twisting under tension and from fibre twisting (for small
twists) should cause a redistribution of twist such that the
twist will vary in inverse proportion to the linear density.
At high twists a contribution from fibre bending will add
a term with a different dependence, but given that most
yarns are spun under significant tension then this theory,
confirmed by the experimental results of Mitchell et al.
(2006), leads to the prediction that twist will redistribute as
1/tex.
On the other hand, Lu et al. (2007) treated the yarn as a
continuous rod of circular cross-section in which the torque
is proportional to the product of the twist and polar moment
of inertia. The polar moment of inertia is proportional to
the square of the cross-sectional area and hence they de-
duced that T (tex)2 should be constant. They were unable
to measure the twist distribution directly, so measured the
strength of yarns with and without regular slubs. The yarn
strength results were consistent with the thinner sections of
the yarn having the expected amount of increased twist. The
reason that this model from Lu et al. (2007) contradicts the
D
o
w
n
lo
ad
ed
 B
y:
 [
De
ak
in
 U
ni
ve
rs
it
y]
 A
t:
 0
2:
39
 2
7 
Ap
ri
l 
20
10
The Journal of The Textile Institute 295
previous model is because it treats the yarn as a continuous
rod and so excludes movement of fibres that could redis-
tribute the load. It is the assumption, used as a limiting case
by Bennett and Postle (1979a), that all fibres, independent
of their position, share the load equally that leads to the
prediction of a 1/tex dependence.
Before we examine the dependence of twist on linear
density, it is also worth examining the consequences of one
of the assumptions made in the above studies of yarn torque.
It has, in fact, been assumed that the twist and linear den-
sity of the yarn are constant within a yarn segment. This is
not the case and the variations in thickness not only lead
to twist variation but also have a significant impact on the
mean strength and might be expected to affect the mean
torque of the yarn. Yarn tenacity is determined by the av-
erage load per (mean) tex of the yarn that can be borne by
the weakest place in the test length. Spencer-Smith (1947)
proposed that tenacity would have a linear dependence on
yarn evenness if the length between uncorrelated segments
of yarn is constant. Mandl (1981) showed that, under the
assumption that the thinnest place is the weakest place, the
tenacity would be proportional to the coefficient of varia-
tion of linear density (CV%). Lamb and Yang (1995) report
that they have confirmed this with computer simulations of
worse-than-random yarns, with an additional small adjust-
ment for the mean fibre length. Their prediction model has
shown a remarkable ability to predict the tenacity and other
properties of worsted yarns (Lamb & Yang, 1997, 1998).
The variation in linear density can explain observed
reductions in tenacity. For example, in an examination of the
tenacity of cap spun yarns, it was found that the tenacity was
somewhat less than expected (Holdaway, 1965; Holdaway
& Robinson, 1965). It was proposed that this was due to
an outer layer of fibres not contributing to strength and an
effective linear density (ELD) was introduced that reduced
the apparent linear density by a term proportional to the
mean fibre diameter (D) in µm
ELD = (√tex − 0.0518D)2. (10)
A much better explanation of this reduction in tenacity
as a function of D and tex arises from the knowledge
that yarn segments vary considerably in linear density and
that yarn tenacity is linearly dependent on yarn evenness
(CV%). The average of the straight-line fits to the data
of Yang and Lamb (1998) reveals that for their ring-spun
worsted yarns, and wools of similar mean fibre length
(approx. 70 mm), the effect of CV% on tenacity (Ten.) in
cN/tex, tested at 5 m/min, is typically
Ten. = 11 − 0.22 CV%. (11)
By definition
CV% = I (CVideal), (12)
where I = Index of Irregularity, and a reasonable approxi-
mation for worsted wool yarns, taking into account the fibre
diameter distribution (Lamb, 1987a), is
CVideal = 112/
√
n, (13)
where n = mean number of fibres in the yarn cross-section,
and
n = 917 tex/D2. (14)
Given I = 1.2 for typical fine worsted yarns spun on mod-
ern ring frames, Equation (11) becomes
Ten. = 11 (1 − 0.089D /√tex). (15)
Thus, for typical worsted yarns, the expected tenacity will
be lowered as if the linear density had been reduced by
a factor of (1 − 0.089D/√tex). Using the approximation
that (1 −δ)2 ≈ 1 − 2δ (δ  1), the ELD of Equation (10)
becomes
ELDHoldaway = tex(1 − 0.1036D/
√
tex). (16)
Recently, Phillips (2008) incorporated the idea of an effec-
tive linear density into an analysis of observed torque as a
function of tension. Phillips argued that for his yarns
ELD = (√tex − 0.0499D)2 (17)
which becomes
ELDPhillips = tex(1 − 0.0998D/
√
tex). (18)
He found that such an effective linear density gave more
physically realistic values of packing fraction. The similar-
ity of the reduction factors in Equations (16) and (18) to the
expected effect on tenacity (Equation (15)) shows that the
known size of variations in linear density provides a sat-
isfactory explanation for the observed behaviour. Any re-
duction in strength due to loose surface fibres and unbound
fibre ends would need a more sophisticated theory which
should depend on the fibre length, twist factor and number
of fibres in the yarn cross-section. The success of applying
a similar effective linear density to torque measurements
suggests that the variations in linear density and twist are
also a promising explanation for lower than expected val-
ues of measured torque. Both Holdaway and Phillips have
assumed that their yarns have constant linear density and
twist equal to the mean values. However, the strength of a
yarn is lowered by variations in thickness, by an amount
proportional to the unevenness (CV%), and a similar effect
might be expected for torque.
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Variations in yarn linear density will have an effect on
mean yarn torque dependent on the size of the variations
and how the twist distributes to keep torque balanced. If the
torque of the yarn depends on the product of tex and twist, as
predicted (Bennett & Postle, 1979a) and observed (Mitchell
et al., 2006; Phillips, 2008), the lowering of the effective
torque because of thickness variation (i.e. yarn unevenness)
can be seen by considering a simple case. Within a given
yarn segment in which twist is free to move, the available
twist will redistribute such that torque remains constant.
Assume, for example, a yarn of average 20 tex and 600
turns/m. The product of tex and twist is 12000. If, however,
a yarn segment consists of three equal length portions of
10, 40 and 10 tex (mean 20 tex) then the 600 turns/m of
twist will distribute as 800, 200 and 800 turns/m. The mean
product in the segment and the product in each portion will
be 8000, or only two-thirds of the value if the yarn were
uniform. Thus, the torque of a yarn varying in thickness
will be less than expected, with closer agreement for yarns
of higher tex and finer fibres, because they are more even.
It should also be noted that twist can only redistribute
over the length that is free to rotate, which at most is the
distance from front roller nip to traveller, in ring spinning.
However, twist is inserted at a constant rate. Thus, the mean
twist of a long thin place that approaches this length (typ-
ically 20 to 40 cm) will be less than that of a shorter thin
place in a section of otherwise average thickness, which will
be less again than that of a short thin place in the middle of
a thick section of yarn.
Experimental method
Marl yarns were spun on both cotton and worsted ring-
spinning frames using pairs of rovings (one of each
dyed black). The cotton yarn was of nominal 20 tex and
1040 turns/m and was spun on a high-draft ring-spinner
using a 700-tex uncombed roving in combination with a
430-tex black dyed roving. Wool yarns of 16 to 32 tex with
varying twist levels (metric twist factors of 80 to 170) were
spun. The dyed and undyed rovings were of 300 tex and
240 tex, respectively, with the mean fibre diameter of the
recombed wool being 20.2 µm and the mean fibre length
80 mm. The wool yarns should therefore have an average
of 36 to 73 fibres in the cross-section. Fifty-centimetre sec-
tions of yarn were unwound from the spinning bobbins and
mounted in a twist tester under 5 g tension in a standard lab
(20 ± 2◦C and 65 ± 2% RH). A high-resolution capaci-
tive sensor, developed by Allen, Atkinson, Lamb, Plate, and
Prins (1985), was used to obtain a signal proportional to the
yarn linear density at 2.5-mm intervals along a 50-cm yarn
segment. This is approximately the resolution of the sensor.
After each group of four to eight measurements (1–2 cm)
the sensor was withdrawn from the yarn and the sensor-
empty reading was noted in order to correct for the small
amount of drift observed. The twist in successive 5-mm
segments was determined by counting the number of turns
under a magnifying glass with a graticule held against the
yarn. The experimental arrangement is shown in Figure 1.
The capacitive sensor has shielded sensing plates 2 mm
wide which are 10 mm long transverse to the yarn path.
Figure 1. Capacitive sensor and yarn mounted on twist tester.
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Figure 2. Cotton yarn capacitive signal, repeatability of measurements.
A second identical reference sensor is mounted nearby in
a bridge arrangement so that both the sensors experience
the same temperature and humidity. This arrangement min-
imises drift, which is the key to being able to make absolute
measurements. Both sensors are mounted such that the plate
separation can be altered by a screw adjustment while the
plates are kept accurately parallel. However, the plate sep-
aration was fixed during these trials so that the sensitivity
remained constant. The sensors have good linearity but a
slight sensitivity to packing density of the fibres. This was
investigated by weighing the 50-cm yarn segments after
testing and comparing them with the mean capacitance sig-
nal. The mean sensor reading was linear within the errors
although the yarn ends could not be measured. The finite
width of the capacitive sensor housing and the mounting
arrangement on the twist tester meant that the capacitance
signal could only be obtained for the yarn segment between
1.4 cm and 46 cm along the yarn. However, the twist was
measured over the full 50 cm. All yarns were mounted in
the rig such that the first measured position was the last to
be spun.
Results
The reproducibility of the twist and linear density measure-
ments was tested by repeating the measurements on the
same yarn segment on a different day by the same opera-
tor. The reproducibility of the capacitive signal is shown in
Figure 2. The agreement between the two measurements is
excellent with only a few variations. The largest differences
in magnitude arise at short thick places (entangled fibre and
contaminants) where the signal can vary significantly over
2.5 mm. The reproducibility of the twist estimate, shown
in Figure 3, is also very good. For this 20 tex high-twist
cotton yarn the standard deviation was 0.7 turns/cm which
was not much more than the rounding of a half turn of twist.
Figure 3. Cotton yarn of 1040 turns/m, repeatability of twist measurements.
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Figure 4. Repeatability of capacitance signal after yarn twist reversal.
Subsequently, yarn twist values in successive 5-mm inter-
vals were estimated to the nearest 0.1 turns.
The cotton yarn segment was then untwisted and
retwisted in the opposite direction in situ, until it returned
to a length of 50 cm, and the capacitive signal remeasured
again. The capacitive signal is shown in Figure 4 in com-
parison with the average of the two original measurements
before twist reversal shown in Figure 2.
The results give a lot of confidence that the sensor signal
shows differences in linear density which are not greatly
influenced by the structural configuration of the fibres. The
broad structure of the signal is unchanged although there
is a suggestion that the sample has more high frequency
variation after reverse twisting.
The twist distribution in a 0.5-m segment of a steamed
wool yarn (16 tex and nominal 1000 turns/m) was also
examined before and after twist reversal of 932 turns, which
brought the length back to the original length (Figure 5). The
twist distribution after twist reversal is very similar to the
initial twist distribution and so must be primarily controlled
by a property, such as linear density, that is essentially
independent of the twist direction.
Measurements of several yarn segments of nominal 32
tex wool yarns with mean twists of 450, 685 and 1000 turns/
m were made and the capacitive sensor readings converted
to linear density using a constant calibration factor
(determined by weighing yarn sections which had had their
mean capacitance measured). The results are shown in
Figure 6 with twist plotted against 1/tex, together with
power law fits to the data.
The fits give a dependence of twist on (1/tex) to the
power of 1.55, 1.51 and 1.15 for 450, 685 and 1000 turns/m,
respectively. The very low values of 1/tex of about 0.013 for
one of the 685 turns/m samples was achieved by deliberately
Figure 5. Repeat twist measurement after twist reversal of a steamed fine wool yarn.
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Figure 6. Local twist as a function of inverse of linear density for different mean twists.
introducing a fault during spinning. The twist levels corre-
spond to metric twist factors of about 80, 125 and 170, and
so cover the range from moderate to low twist (knitting)
yarns, to a typical Sirospun twist level, up to very high
(almost crepe) twist, respectively. The smaller power expo-
nent at high twists was confirmed by taking a yarn segment
spun at 450 turns/m and measuring it before and after up-
twisting by 450 turns/m on the twist tester. The results are
shown in Figure 7 after scaling the position of the capac-
itance and twist measurements along the up-twisted yarn
to compensate for the observed reduction in length due
to twist addition. The capacitance values have also been
scaled to accommodate the increase in linear density due
to the contraction. Fits to the data show that the exponent
of the dependence of twist on (1/tex) was reduced from a
factor of 1.54 to 1.15. It thus appears that for low to moder-
ate twist factors the power dependence is approximately 1.5
to 1.6, while at high twist factors the dependence is much
weaker.
This much reduced dependence is illustrated in Figure 8
where the metric twist factor [(turns/m)
√
tex/1000] is plot-
ted before and after up-twisting, as well as the up-twisted
curve shifted down by subtracting a constant value of 86
(the mean increase in metric twist factor). The overlap with
the original curve after the subtraction indicates that the
added twist has distributed approximately as 1/
√
tex.
A single fit to all the data of moderate to low twists was
made after first normalising the tex to the mean tex of the
segment (texN ) and normalising the twist to the mean twist
of the segment (TN ). The quality of this fit to the data, for
8-yarn segments of measured mean 16 to 37 tex and mean
twist factors of 80 to 130, is shown in Figure 9. The single
fit has
TN = 0.926(1/texN )1.57. (19)
Figure 7. Normalised values of twist and linear density before and after up-twisting.
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Figure 8. Metric twist values along a yarn segment with up-twisting.
The measured and predicted results are in very good
agreement with the exception of one yarn sample (32.6 tex)
that had two short thin places, where the twist was much
higher than expected from the drop in linear density.
The factor of 0.926, rather than 1, in Equation (19)
arises because the mean of 1/(texN )1.57 is greater than one.
For the cotton yarn segments examined it was found
that the dependence on linear density was confused by the
presence of contaminants plus neps and loose fibre entan-
glements, which gave sharp peaks in the measured linear
density. Thick places such as neps on the yarn surface that
are only loosely connected to the yarn did not have a big
effect on twist in comparison to their short-term effect on
the capacitance signal. Once this was taken into account
the underlying twist appeared to roughly follow a 1/tex
dependence but further work with combed cotton yarns
would be desirable.
Discussion
The results for worsted yarns are in agreement with a model
in which the yarn behaviour is intermediate between behav-
ing like a continuous rod of material varying in diameter,
where the outer segments are more highly stressed, and one
in which the load is shared equally between all fibres. Thus,
the results are not consistent with the ‘ideal fibre migration’
limit of Bennett and Postle (1979a). In fact, an examination
of their data (Bennett & Postle, 1979b) shows that, although
they observed a much lower torque than would be expected
from continuous filaments, the observed torque still varied
approximately in proportion to T (tex)1.6. A dependence of
twist on 1/(tex)1.6 is also in good agreement with the results
of Johnson and Young (1986).
So how can the results of Mitchell et al. (2006) be
explained when for a wide range of worsted yarns their
results were in very good agreement with torque being pro-
portional to T (tex)? The answer lies in the nature of the
‘yarns’ being tested. Their ‘ideal fibre migration’ assump-
tion, taken from Postle and Bennett, actually amounts to
the requirement that all fibres in the yarn share the load
equally. This can only happen when fibres are free to move
past each other until they all have the same extension. The
torque experiments of Mitchell et al. (2006) formed a hank
from many loops of yarn which were then allowed to twist
loosely around each other. The torque of the hank, which
was returned to zero twist, is the sum of the torques of the
individual yarns, which now equate to the ‘fibres’ in a yarn
model, and these ‘fibres’ are relatively free to move past
each other and to share the load equally. Under no load
the torque arises from fibre torsion, which dominates over
fibre bending, and Equation (3) holds. Under tension the
load is shared approximately equally between strands and
Equation (9) holds.
For worsted yarns, fibres are clearly not completely free
to move laterally past each other to reduce their tension
otherwise the two-colour structure would be expected to
be severely blurred. Moreover, fibre migration does not
matter once the structure becomes sufficiently locked that
adjacent fibre segments cannot move past each other. The
dependence of the twist on 1/tex1.57 indicates that, for mod-
erate twists, there is some freedom for more heavily loaded
fibres to reduce their load by straightening or shortening
their paths. At very high twists the yarn might be expected
to behave more like a rigid body but the experimental re-
sults suggest that the thinner, and therefore more highly
twisted places, become relatively more resistant to further
twisting.
The unusual result for one yarn segment where the twist
in two short thin sections was much higher than usually
observed might have arisen because of fibre slippage. If
only a fraction of the fibres carry most of the load then the
twist will be higher than expected while the lightly loaded
(slipping) fibres can be easily wrapped.
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Figure 9. Comparison of measured twist with that predicted from linear density.
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Yarn sections should have similar tenacities when they
have similar twist factors. If the twist distributes as 1/(tex)1.5
then the thin places have higher twist factors (by approxi-
mately 1/tex) as the twist factors are proportional to twist
times tex0.5. The twist/strength curve for worsted yarns typ-
ically peaks at a metric twist factor of about 120 and after
that slowly decreases due to fibre obliquity. The strength
per fibre plateaus once fibres are fully gripped. Thus, ex-
cept for low twist yarns, the thin places will have their
structure locked by twist and the strength will be primarily
determined by the number of fibres in the cross-section of
the thin places. The strength will therefore depend primar-
ily on the yarn evenness. For low twist yarns the thin places
will have higher tenacity than the thick places, which have
not been fully locked by twist, but the breaking load is the
product of tenacity and tex and the increased tenacity of
the thin places could only compensate for their lower tex in
very low twist yarns.
The effect of variations in twist and tex on mean yarn
torque can be calculated as a function of yarn evenness un-
der the assumption that twist redistributes so that different
sections of yarn have the same torque and that this is re-
flected in the measured 1/(tex)1.57 dependence. It is a simple
matter to calculate the percentage reduction in torque as a
function of yarn evenness (CV%). For yarn segments with
the observed variations (CV% = 12 to 16 appears typical
for the 50 cm lengths of 32 tex yarn examined) there is only
a 3 to 4% drop in mean torque. A CV% of 25 is required to
produce a drop in mean torque of 10%. Thus, the predicted
effect of unevenness on mean torque appears to be much
smaller than the observed effect on tenacity where a CV%
of 25 produced a drop in average tenacity of about 45%
(Yang & Lamb, 1998), and may not be sufficient to explain
the lower than expected torques seen by Phillips (2008).
Conclusions
A high-resolution capacitive sensor has been used to mea-
sure linear density along staple fibre yarns. The effect of
variations in linear density on twist distribution has been
studied using marl yarns. It was found for worsted wool
yarns that twist redistributes from thick to thin places such
that the product of twist and the tex1.57is approximately
constant, after allowing for changes in the mean tex and
twist, except at very high twists. This is shown to be in-
termediate between a model in which the structure behaves
like a rigid body, which would give a 1/(tex)2 dependence,
and one in which the load is shared equally between fibres
independent of their radial position, which would give a
1/tex dependence. The results are consistent with published
results that show that the mean torque of a hank of worsted
yarns is proportional to the product of twist and tex, be-
cause in a hank the load is shared more equally amongst the
component yarns. The results establish that thin places have
higher twist factors than neighbouring thick places but it is
still expected that for all but the lowest twist yarns the yarn
will break at the thinnest place. The observed reduction in
mean tenacity of yarns as a complex function of tex and
fibre diameter can be explained by variations in yarn linear
density due to fluctuations in the number of fibres in the
yarn cross-section (i.e. yarn unevenness). The results and
analysis indicate that yarn unevenness will only lead to a
modest drop in mean yarn torque.
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